Among a number of vascular risk factors, chronically elevated blood pressure (BP) is an important contributor to cognitive impairment that occurs with advancing age. 1 Indeed, hypertension has been associated with executive dysfunction, slower mental processing speed, and memory deficit. 2 Arterial BP can be divided into 2 primary components; steady state and pulsatile components. 3, 4 Instead of evaluating BP through systolic and diastolic BP, decomposing BP into the steady and pulsatile components may offer better insight into pathophysiology of elevated BP on cognition since previous studies have demonstrated greater effects of pulsatile BP in predicting the end-organ damage. 5 The steady state component is represented by mean arterial pressure (MAP) and influenced by small resistance artery function. The pulsatile component is expressed either as systolic BP or pulse pressure (PP) and is driven primarily by large artery stiffness. 4 In the present study, we determined the association between pulsatile or steady state components of BP and regional cerebral perfusion assessed by arterial spin labeling. Because high BP during midlife has been shown to be the important risk factors of future late-life cognitive impairment, 6,7 the present investigation was conducted in apparently healthy subjects at midlife who have not yet developed hypertension or cognitive impairment. We reasoned that midlife is an excellent time to intervene for primary prevention of cognitive impairment as dementia and Alzheimer's disease are irreversible neurodegenerative disorder and need to be prevented and intervened before the appearance. Based on the accumulating literature on cardiovascular risks, 3 we hypothesized that pulsatile components of BP would be more strongly associated with regional cerebral perfusion than steady state components of BP.
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METHODS

Subjects
A total of 52 community-dwelling adults (27 men and 25 women) aged between 40 and 60 years participated in the study. The subjects were recruited from the community through flyers, e-mails, and newspaper advertisements posted in the city of Austin, Texas. All participants were screened for medical history using the health status questionnaire (see Supplementary Appendix) to ensure that they have no overt cardiovascular and other chronic disease (e.g., diabetes, stroke), neurological diseases (e.g., Parkinson's disease, multiple sclerosis, traumatic brain injury), major psychiatric illness (e.g., bipolar disorder), and substance abuse. Subjects who were taking cardiovascular acting medications, including hormone replacement therapy, were excluded. Additional exclusion criteria included current and past smoking (within the last 2 years) and functional magnetic resonance imaging (MRI)-related contraindications. Smokers were excluded since chronic smoking has been associated with differential regional brain perfusion. 8 The Human Research Committee at the University of Texas at Austin approved all procedures in the study and the study was completed in accordance with the Declaration of Helsinki. All of the measurements below were performed after at least 4 hours of fasting and abstinence from caffeine and alcohol consumption. Written informed consent was obtained from participants before the measurements.
Measurements
Blood pressure. The primary predictors are pulsatile and steady state BPs in the present study. Brachial BP including systolic, mean, and diastolic pressure were measured using oscillometric automated sphygmomanometer (VP-1000 plus, Omron Healthcare, Kyoto, Japan). Carotid artery pressure waveforms were obtained using arterial applanation tonometry incorporating an array of 15-micropiezoresistive transducers (VP-1000 plus, Omron Healthcare, Kyoto, Japan) placed on the common carotid artery. In order to correct for the hold-down force of the sensor on the carotid artery, carotid BP was calibrated by equating the carotid MAP and diastolic BP to the brachial MAP and diastolic BP (obtained via brachial sphygmomanometry) as previously described. 9 All the BP measurements were performed at least 3 times while subjects were in the supine position. The average of the 3 measurements was used for the data analyses.
Regional cerebral perfusion. The main outcome measures are regional cerebral perfusion in the present study. Regional cerebral perfusion was measured using the MRI arterial spin labeling technique as previously described. [10] [11] [12] MRI images were obtained using 3T GE Signa Excite scanner (GE Healthcare, Waukesha, WI). The 5-mm spherical at regions of interest were created according to the Talairach and Tournoux atlas 13 by the analysis of Functional NeuroImages (AFNI) software. 14 Ten a priori regions of interest (hippocampus, anterior white matter, central insula, thalamus, caudate, posterior insula, central white matter, posterior white matter, posterior cingulate, and occipitoparietal area) were chosen based on their link to memory and susceptibility to cerebrovascular disease. 15, 16 
Statistical analyses
All variables distributions were first examined using the Shapiro-Wilk test of normality recommended for small samples. Associations of interest were examined using Pearson correlations analyses. Significant zero-order correlations were analyzed using sequential multiple regression to test the distribution of predictors of interest (i.e., BP component) on outcome variables (regional cerebral perfusion) after controlling for covariates (body mass index, years of education, age, and sex). These covariates in multiple regressions were selected from their significant correlations with either predictors or outcomes of interest. The significant contribution of the predictor on the outcome was confirmed by significant R 2 change. A 2-tailed α level of 0.05 was used as the criterion for significance for all analyses. All data are presented as means ± SEM. Data were analyzed using SPSS 24.0 (SPSS, Chicago, IL). Table 1 , the subjects were middle-aged (50 ± 1 year) and had normal BP values. Subjects' average body mass index was 30 ± 1 kg/m 2 , and education was 15 ± 1 years. All the subjects were cognitively normal as the Mini-Mental State Exam score was greater than 28. There were 5 brain regions with cerebral perfusion values that were significantly associated with either pulsatile BP component (i.e., hippocampus, posterior insula, and central white matter) or both steady and pulsatile components (i.e., anterior white matter, and occipitoparietal area) ( Table 2 ). In general, systolic BP and PP were more strongly associated with cerebral perfusion than MAP. Greater number of correlations with cerebral perfusion were found with brachial BP than with carotid BP.
RESULTS
As shown in
After controlling for body mass index, education, age, and sex, associations between pulsatile BP components and regional cerebral perfusion remained significant in 2 regions (i.e., hippocampus and anterior white matter). Accordingly, 2 separate tables were constructed to describe independent associations of BP components with hippocampus perfusion (Table 3 ) and anterior white matter perfusion ( Table 4) . As shown in Table 3 , multiple linear regression analyses revealed that brachial systolic BP (β = −0.35, P = 0.03) explained 11% of the variability in hippocampus perfusion (ΔR 2 = 0.11, P = 0.03), independent of the entered covariates (Table 3 ). Brachial PP also (β = −0.36, P = 0.02) explained 12% of the variability in hippocampus perfusion (ΔR 2 = 0.12, P = 0.02), independent of the entered covariates. Table 4 illustrates the independent contribution of brachial systolic BP (β = −0.37, P = 0.03) and brachial MAP (β = −0.35, P = 0.04) to anterior white matter perfusion, with brachial systolic BP (model 2 vs. model 1) and brachial MAP (model 4 vs. model 3) explained 12% (ΔR 2 = 0.12, P = 0.03) and 11% (ΔR 2 = 0.11, P = 0.04) of the variability in anterior white matter perfusion, respectively, independent of the entered covariates.
DISCUSSION
In the present study, both BP components were inversely associated with regional cerebral perfusions in 5 of 10 regions of interest in a sample of middle-age adults with normal cognitive function. The pulsatile component of BP was more strongly associated with regional cerebral perfusion than the steady component of BP as the statistically significant relations remained even after controlling for confounding variables. Our present results are consistent with a previous study in older adults that found a greater association of PP to cognitive function compared with MAP. 17 A longitudinal study in middle-age adults also revealed an association between PP and cognitive function even in individuals with normal cognitive function. 18 The exact physiological mechanisms linking pulsatile pressure and cerebral dysfunction is not known. However, the prevalent hypothesis is that greater fluctuations in BP as represented by higher PP could transmit excessive pulsatile force into the cerebral microcirculation leading to microvascular damage and regional hypoperfusion ultimately resulting in cognitive dysfunction. 19, 20 Our present results are consistent with this hypothesis. An alternative mechanism could be an adaptive change in the cerebral vascular bed. Previous studies in animal models reported a strong positive association between cerebral PP and cross-sectional area of pial arterioles. 21 The idea is that when the pial arterioles are exposed to chronically high cerebral PP, they would undergo hypertrophy resulting in narrower arterioles in the brain. This could in turn cause a reduction in cerebral perfusion.
MAP is the perfusion pressure driving blood flow to various organs. Additionally, according to the Ohm's law, MAP reflects small resistance artery function. As such, one may argue that in the physiological sense, MAP should be more strongly associated with regional cerebral perfusion. In the present study, however, we found a weak association between MAP and regional cerebral perfusion. Reasons for these findings are not clear. One possibility is that the autoregulation mechanism may act on steady state pressure to attenuate its damaging effects. Alternatively, a variation of arterial anatomy in the brain (e.g., narrow vertebral artery) may act to protect the brain from higher perfusion pressure (i.e., MAP). In support of this notion, a recent study in humans found a higher prevalence of high BP in individuals with narrow vertebral artery and incomplete posterior circle of Willis. 22 The major limitation of the present study was the crosssectional nature of the study that cannot determine the cause and effect between BP components and regional cerebral perfusion. However, we could infer the cause and effect between BP components and regional cerebral perfusion based on existing evidence indicating the association between greater PP and poorer cognitive function among nondemented individuals. 23 Additionally, the number of subjects studied in the present study is relatively small and there is a chance of type I error. Moreover, the present study is relatively limited in scope and is based on correlational data.
In recent years, we have a number of studies linking various BP variables and cognition in middle-aged and older adults. For example, greater long-term BP visit-tovisit variability is associated with a faster rate of cognitive decline among older adults. 24 One of the unique aspects of the present study is the assessment of central BP in addition to peripheral (brachial) BP. Considering superior relation of central over peripheral (brachial) BP in predicting cardiovascular end-organ damage, 3 we hypothesized that central BP would be more closely associated with cerebral perfusion than peripheral (brachial) BP. But the results obtained were opposite to our working hypothesis. The reason for this is not clear. But the brain is very unique in that their cells are continuously perfused at high flow rate due to low vascular resistance and wave reflection is also very low. 25 Thus, it is possible that the brain may respond differently from other vascular beds (e.g., coronary circulation).
In conclusion, our present preliminary study adds clinically important information to the existing literature by showing that the pulsatile component of BP was more strongly associated with regional cerebral perfusion as the statistically significant relations remained even after controlling for confounding variables. Abbreviations: B, unstandardized regression coefficients; BMI, body mass index; bSBP, brachial systolic blood pressure; bPP, brachial pulse pressure; Edu, years of education; ΔR 2 , change in squared regression coefficient (R 2 ) between the first and the second models; β, standardized regression coefficients. Abbreviations: B, unstandardized regression coefficients; bMAP, brachial mean arterial pressure; BMI, body mass index; bSBP, brachial systolic blood pressure; Edu, years of education; ΔR 2 , change in squared regression coefficient (R 2 ) between the first and the second models; β, standardized regression coefficients.
